The influence of age, subject matter knowledge, working memory, reading abilities, spatial abilities, and processing speed on Web navigation was assessed in a sample of 41 participants between the ages of 19 and 83 years. Each participant navigated a stand-alone tourism Web site to find answers to 12 questions. Performance was measured using time per trial, number of pages per trial, and number of revisited pages per trial. Age did not influence the number of total pages or repeat pages visited, which were predicted by domain knowledge, working memory, and processing speed. Age was associated with slower times per trial, and the effect remained significant after controlling for working memory, processing speed, and spatial abilities. Only with the addition of subject matter knowledge and World Wide Web experience was the age effect eliminated. Actual or potential applications of this research include redesigning Web sites to minimize memory demands and enhance visual segmentation. The data also suggest that age differences in Web navigation can be offset partially by taking advantage of older adults' prior experiences in the domain.
INTRODUCTION
During the past decade, the Internet has become one of the most important computer applications for older adults (Czaja & Lee, 2001) . In the year 2000, adults over the age of 60 represented the fastest growing group of Internet users in Canada (Silver, 2001) . During that year, approximately 13% of all Canadians over the age of 65 used the Internet (Dryburgh, 2001) , and almost one half of those (47%) used it daily. Similar growth has occurred in the United States (Teel, 1995) .
One of the more common uses of the Internet is navigation of the World Wide Web (WWW), an Internet facility that links documents (i.e., Web pages) remotely and locally in hypertext forms (Freedman, 1999; Nielsen, 2000) . Compared with younger users, older adults experience more frequent problems using the WWW, including finding broken links, viewing graphics, finding new information, and revisiting pages or sites (Graphic, Visualization, and Usability Center [GVU] , 1998). Thus, although older adults are generally willing and able to use computers, they often have more problems than do their younger counterparts (Czaja & Lee, 2001) .
This study evaluated the factors that influence navigation of a WWW site (i.e., a Web site). We chose to focus on Web navigation for three reasons. First, data have shown that the WWW is the most frequently used Internet facility (GVU, 1998) . Second, difficulty with navigation is one of the largest problems for WWW and hypertext users and is characterized by problems searching for information and getting lost while navigating (Conklin, 1987; Hammond & Allinson, 1989; Kim & Hirtle, 1995; Nielsen, 1990; Vora & Helander, 1997) . Third, older adults consistently demonstrate poorer performance on most computer tasks (Czaja & Lee, 2001; Kelley & Charness, 1995) and thus may be more susceptible to navigation problems on the WWW.
Most of the current research on Web navigation is based on hypertext, which differs from modern Web pages because it is primarily text based, whereas most Web pages are a combination of text and graphics, with allowances for Predictors of Web Navigation Performance in a Life Span Sample of Adults audio, video, and animation (Freedman, 1999) . Several usability problems associated with hypertext (Conklin, 1987; Hammond & Allinson, 1989; Kim & Hirtle, 1995; Nielsen, 1990; Vora & Helander, 1997) emerge because screens of text look homogeneous and generally do not provide the typographical cues of printed matter. Visual access is restricted by screen space and resolution, and linking between pages can be very complex. These characteristics of hypertext make it difficult for users to recognize information and get a sense of location in the hypertext network (Edwards & Hardman, 1989; Foss, 1989; Nielsen, 1990) .
Modern Web pages can use color and graphics to provide location cues in relation to the entire site. However, these enhancements may not provide sufficient navigation support needed by older adults. Mead, Spaulding, Sit, Meyer, and Walker (1997) suggested the WWW is particularly challenging for older users because of the complexity of interactions and number of pages to navigate. Older adults show poorer performance as the number of links increases (Lin, 2001) . Because Web sites are becoming larger and more complex (Nielsen, 2000) , older adults may be at a disadvantage relative to the young.
One solution intended to minimize disorientation and to help users cope with increased Web site complexity is the use of navigation aids (Foss, 1989; Hammond & Allinson, 1989; McDonald & Stevenson, 1998b; Pak, 2001 ). However, research has shown that navigation aids are not equally effective for all users under all task conditions. Pak (2001) found that a spatial map and a step-by-step navigation aid had different impacts on older and younger hypertext users. The performance of younger adults was independent of the aids provided, but error rates were lower for older adults using the map-based navigation aid.
One reason navigation aids may not be universally effective is that they have been designed without a clear understanding of the factors that contribute to disorientation on the WWW. Not only are task conditions (e.g., Hammond & Allinson, 1989) and characteristics of the hypertext environment important (e.g., Lin, 2001; McDonald & Stevenson, 1996) , but individual differences of the users will also contribute to variability in performance. This may be especially important for older adults because they represent a unique user group with special needs and characteristics (Hawthorn, 2000) . Unfortunately, a limited number of studies have examined the factors that moderate age effects on hypertext or WWW navigation. Therefore, the remainder of this review will draw on research from other computer tasks as well.
Spatial Ability
Spatial ability refers to the capacity to acquire, manipulate, and use information presented in two-and three-dimensional space. Spatial abilities may help people navigate natural (Georgemiller & Hassan, 1986) and virtual environments by aiding in the creation of cognitive maps, the internal representations of the physical environment that are used for navigation (Tolman, 1948) . Spatial abilities are important for mediating the effects of age on computing skill (Kelley & Charness, 1995) but may also be important for younger computer users. Garfein, Schaie, and Willis (1988) found that the best predictors for late-middle aged (49-57 years) and older adults' (58-67 years) ability to learn a spreadsheet program were spatial orientation and inductive reasoning. Pak (2001) found that young participants who were high in spatial abilities outperformed their low-ability counterparts when navigating hypertext. Vicente, Hayes, and Williges (1987) found that spatial ability was the best predictor of performance for younger participants when navigating a hierarchical file system. Spatial abilities have been shown to decline with age (see Salthouse, 1992 , for a review), and this might account for some of the age-related differences on Web navigation performance.
Reading Abilities
Reading ability reliably predicts performance on computer tasks (Kelley & Charness, 1995) . For example, Gomez, Egan, Wheeler, Sharma, and Gruchacz (1983) examined the influence of age, spatial memory, and reading ability on performance when using a full-screen text editor. They found that age did not predict performance and that reading ability was the most consistent predictor of all performance measures. Vicente et al. (1987) reported that after spatial abilities, reading ability was the second-best predictor of performance when navigating a hierarchical file system. Czaja, Sharit, Ownby, Roth, and Nair (2001) found that verbal speed and verbal fluency were equally predictive of performance for younger and older participants engaged in a complex information search and retrieval task.
The lack of an interaction between age and reading abilities in the Gomez et al. (1983) and studies suggests that reading ability may not account for a large portion of the age-related variance in performance. However, because the WWW is composed primarily of text (Nielsen, 2000) , efficient readers should be able to scan text quicker, find information of interest faster, and make more effective navigation decisions. This should result in faster navigation times for better readers of all ages.
Experience and Subject Matter Knowledge
Czaja and Lee (2001) defined system experience as knowledge and skills related to the search system and interface. For the purposes of this study, this knowledge can be separated into general computer experience (e.g., how to use a mouse) and knowledge specific to the WWW. Research has shown that general computer experience can be a significant predictor of performance. Czaja and Sharit (1993) examined whether age differences exist in the performance of data entry, file modification, and inventory management tasks. Results showed that computer experience was the best predictor of several performance measures. When prior experience was controlled, the effect of age on performance was reduced significantly. The authors concluded that the amount of prior experience with computers is a far more important variable when predicting performance than is the user's age.
Another type of knowledge thought to be important is domain or subject matter knowledge. Czaja and Lee (2001) defined this type of experience as the skills, knowledge, and expertise related to a specific content domain. Greater subject matter knowledge allows users to solve problems faster and access information more quickly. Because most hypertext and WWW sites contain information that may or may not be familiar to users, subject matter knowledge should play an important role in predicting performance. McDonald and Stevenson (1998b) compared the effectiveness of a map and textbased history list (navigation aids) with that of a hypertext-alone condition on the navigation performance of participants with and without prior knowledge of the text topics. Results showed that knowledgeable participants opened fewer repeat and additional pages, answered more questions correctly, and completed tasks faster. Less knowledgeable participants used navigation aids more frequently, lending support to the idea that knowledgeable participants used their background knowledge of the subject domain to guide their explorations.
The WWW is an application for which both experience using the WWW and subject matter knowledge should influence performance. Because older adults generally have less computer and WWW experience (GVU, 1998) , this might account for poorer performance on a Web navigation task. On one hand, WWW experience might help younger participants recognize and understand the structure of a Web site, which should improve performance. On the other hand, older adults may have greater subject matter knowledge, depending on the content domain of a Web site. More subject matter knowledge should help users to understand the relations between topics and make more effective navigation decisions. This should reduce the time needed to find information in a Web site and minimize the number of pages that are visited.
Processing Speed
Processing speed is defined as the ability to acquire, interpret, and respond to information quickly and accurately. found that a composite measure of processing speed was predictive of the number of tasks completed successfully and the number of times participants navigated to the correct screen for a simulated customer service scenario. Reductions in processing speed are a common explanation for many age deficits in task performance (see Salthouse, 2000 , for a review) and might influence Web navigation by increasing the time required for older participants to locate information of interest, respond to it, and make a decision as to its relevance. Consistent with this view, Westerman, Davies, Glendon, Stammers, and Matthews (1995) found that when a measure of speed was used as a covariate, the effect of age on the time needed to retrieve information from a complex database was almost completely eliminated. Therefore, we anticipated that older adults should require more time to complete a navigation task and this would be accounted for largely by independent measures of processing speed. We also expected that agerelated differences in speed would be unlikely to affect the number of pages that are visited.
Working Memory
Working memory involves the active manipulation, storage, and updating of information to perform a given task (Salthouse, 1990 (Salthouse, , 1994 . Browsing a hypertext system and using the WWW appear to have substantial working memory demands. They require users to carry out several tasks concurrently, including navigational tasks of planning and executing routes through a site as well as informational tasks, such as reading and understanding the content of pages (Kim & Hirtle, 1995) . Navigation also involves decision making and problem solving (Passini, 1984) , which have been shown to require working memory (Charness, 1985) .
Many researchers have identified the need to address working memory concerns when designing computer interfaces (Hawthorn, 2000; Mead, Batsakes, Fisk, & Mykityshyn,1999) . However, few studies have evaluated how memory influences performance when one is navigating a Web site or completing other computer tasks. Mead et al. (1997) had participants in two age groups (19-36 and 64-81 years) complete nine information search tasks in a small (i.e., 19-page) Web site. Results showed that older adults were significantly less likely to complete all nine tasks. In addition, they returned to previously visited pages (including the home page) more often than did younger adults and were less efficient in completing each task. The researchers claimed that the search efficiency of older adults appeared to have been affected by difficulty remembering previously accessed links and the information on previously viewed pages.
Working memory is important for mediating age differences in many cognitive tasks (Salthouse, 1994 ) and may play a role in age-related computer-based task performance. Better working memory might support more effective cognitive maps, allowing more spatial information to be stored and processed more quickly. In addition, better working memory might help users remember, consolidate, and understand the semantic content of the pages that were visited as well as remember the details and relationships between pages. This should help users make better navigation decisions, which would reduce the time needed to find information and minimize the number of pages visited.
The Current Study
The purpose of the current study was to understand the factors that influence age-related declines in performance for a Web site navigation task. This study improved upon previous research in a number of ways. First, the study goes beyond hypertext use and evaluated the influence of age on Web navigation, an increasingly important computer application for older adults (Czaja & Lee, 2001; Dryburgh, 2001; GVU, 1998; Silver, 2001; Teel, 1995) . Second, unlike previous hypertext studies (e.g., Lin, 2001; McDonald & Stevenson, 1996 , 1998a , 1998b Pak, 2001) , in this study the Web site had carefully balanced text and graphics, making it more like a modern Web site (Freedman, 1999) . Third, this study used a larger site than that in the Mead et al. (1997) study, thus increasing complexity and working memory demands. Fourth, a measure of WWW experience, rather than general computer experience, was used. Fifth, subject matter knowledge was included as a predictor, which has been neglected in most previous hypertext studies. Finally, this study investigated how processing speed and working memory influence navigation performance for older adults.
Following Salthouse (1990 Salthouse ( , 2000 , this study used a hierarchical regression analysis to determine the factors that influence age-related declines in performance. Hierarchical techniques are advantageous because they provide estimates of both unique and shared age-related variance at each stage in the analysis. We expected that several factors would predict age decrements in performance when users navigated a Web site. More specifically, we thought increased age would result in poorer navigation performance and that age-related declines in spatial ability, WWW experience, processing speed, and working memory would account for significant age-related variance in navigation performance.
Subject matter knowledge and reading abilities were also expected to influence performance, but independent of age.
METHOD Participants
A total of 43 participants, 20 men and 23 women, volunteered for this study. Ages ranged from 19 to 83 years, with an average of 44 years. Although age was treated as a continuous variable, participants were purposely recruited from young (18-33 years), middle (34-54 years), and old (55+) age groups. This was done to ensure that all age groups were well represented. Some descriptive statistics on the sample are shown in Table 1 .
Participants were recruited from undergraduate courses, continuing education courses, and seniors' organizations within the community. All participants were assessed for computer experience, WWW experience, and familiarity with a mouse and keyboard. Over the entire sample, mean education level was 15.34 years (SD = 2.32) and participants had been using computers an average of 13.07 years (SD = 7.85). They used computers and E-mail an average of 13.14 (SD = 10.09) and 3.83 (SD = 4.94) hr per week, respectively.
All participants had corrected or uncorrected acuity of 20/30 or better at the 50-cm test distance (M = 0.93 minutes of arc, SD = 0.29 minutes of arc). The average self-reported health rating on a 5-point Likert scale (1 = very poor to 5 = excellent) was 4.07 (SD = 0.67), and this was not correlated with age (r = -.22, p = .16). Despite this high self-reported rating of health, older participants reported a variety of illnesses during the past year. One person had been hospitalized for a heart attack, and another participant had been hospitalized for severe dehydration. Two older adults were being treated for recent angioplasty, 2 for more general heart problems, and 1 for osteoporosis. Although there may be some concern that these older participants do not represent older WWW users, our data correspond well with prevalence data in Canada (Heart and Stroke Foundation of Canada, 2002; Statistics Canada, 1999) .
Sixteen participants (2 young, 3 middle, 11 old) reported taking medications at the time of testing. Two (both middle aged) reported side effects that would interfere with learning, memory, or vision, and as a result their data were excluded from the analyses, leaving 41 cases to be analyzed.
Apparatus and Materials
Both working memory tests and the navigation tasks were completed using an IBMcompatible Pentium III machine running at 1.0 GHz with 256 MB of RAM. Stimuli were shown on a 15-inch (31.8-cm) Proview monitor set at a resolution of 1024 × 768 pixels and 32-bit color depth. Participants used a standard keyboard and a Microsoft Optical Wheel Mouse to make responses.
The processing speed task was completed using the Eyegaze Development System and software from LC Technologies, Inc. (Cleveland & Cleveland, 1992) . The system used an 80486 IBM-compatible platform to generate the stimuli and record responses. Displays were presented on a 15-inch (31.8 cm) Sony Trinitron MultiScan 100 GS monitor set at 1024 × 768 pixels and 16 colors. Details are given in Scialfa, Thomas, and Joffe (1994) . The navigation task was completed using a custom Web browser (Figure 1 ) developed to ease data collection. The browser tracked and provided a time stamp for the pages visited and buttons clicked. This information was then used to compute the performance measures. The browser contained six buttons: back, forward, reload, home, start, and stop. With the exception of the start and stop buttons, the buttons functioned in a manner consistent with a standard Web browser (Microsoft Internet Explorer or Netscape Navigator). The start and stop buttons were pressed at the beginning and end of each navigation task and were used to determine task completion times. The browser did not include any navigation aids (i.e., history feature or favorites).
We also developed a Web site that contained travel information about the province of Alberta. We chose this content domain to ensure that the participants were familiar with the information and that the tasks were representative of those participants might complete in the real world. The navigation, content, and page layout were modeled from three existing Web sites that contain travel information for Alberta (www. discoveralberta.com, www.explorealberta.com, www.travelalberta.com). We chose to develop the site rather than rely on an existing site for three reasons. First, we wanted the site to run on a local machine, thus avoiding network delays. Second, we hoped to avoid site design, structure, or content changes midway through the study. Third, we wanted control of the structure and content of the Web site.
The 101-568). All pages were designed using a common template that was divided into three regions, including site header (788 × 135 pixels), navigation (136 pixels wide), and content areas (652 pixels wide). The length (height) of each page varied with the amount of text and graphics included. There were six main structural navigation links visible from all pages. These links outlined the overall structure of the site and corresponded to the main topical areas of accommodations, camping, events, attractions, parks, and major cities. Clicking on one of the main structural links resulted in the presentation of a page with additional structural links relevant to the selected topical domain. All unvisited navigation links were underlined in blue text, whereas visited links were in underlined purple. All text was presented in 14-point sans serif font.
Within the content area of each page, special care was made to balance text with white space and graphics. Previous studies have used purely text-based pages (e.g., Lin, 2001; McDonald & Stevenson, 1996 , 1998a , 1998b Pak, 2001) . We wanted to ensure that our site was more representative of the diverse content of the current WWW. For each content page, approximately 65% of the page was filled with text and graphics, 17% was used for navigation, and the remaining 18% was white space. These values correspond with established recommendations (Nielsen, 2000) .
The site used a semirigid hierarchical structure that is common on the WWW (Nielsen, 2000) . It had a maximum of three levels; participants could reach the lowest level of the site with three clicks from the home page.
Procedure
All participants were tested in one 90-min session. Each individual received $15 (Canadian) compensation for his or her involvement. Participants were first introduced to the study, asked to sign an informed consent form, and tested for static visual acuity. They then completed the WWW experience and demographic questionnaire followed by tests of reading ability, spatial ability, verbal and visuospatial working memory, and processing speed; the navigation task; and finally a test of memory for page details.
WWW experience. WWW experience was measured with four questions: the number of hours per week spent using the WWW, the number of years of WWW experience, the number of Web sites developed, and the number of different Web sites visited per week. A principal components analysis produced one significant component that accounted for 47% of the variance in all the questions. Component scores were calculated for each participant based on component loadings and were used in subsequent analyses as an index of WWW experience. Higher scores represented more WWW experience.
Subject matter knowledge. Because the site used in this study was based on subject matter that may have been familiar to the participants, it was important to obtain an indicator of subject matter knowledge. This was measured with five questions: the number of years living in Alberta, number of days per year spent traveling in Alberta, number of different Alberta cities/towns lived in, number of Alberta cities/ towns visited, and the number of events attended per year in Alberta. As with WWW experience, all five of these questions were subjected to a principal components analysis. Two significant components emerged that accounted for 39% and 28% of the variance, respectively. The first component seemed to reflect where participants have lived and their general knowledge of the province of Alberta. The second component reflected travel habits. Two component scores were calculated for each participant based on these component loadings and used together in subsequent analyses as indices of subject matter knowledge. Higher scores on both components represented more knowledge of the content domain.
Reading ability. We chose the vocabulary subtest of the Wechsler Adult Intelligence Scale (WAIS) as our measure of reading ability for four reasons. First, it can be completed in approximately 15 min. Second, of the three reading indices commonly used in psychological research (vocabulary, comprehension, reading rate), vocabulary was the best predictor of computer task performance for younger adults (Vicente et al., 1987) . Third, it has favorable psychometric properties (Matarazzo, 1972; Wechsler, 1955) . Finally, it has been used extensively in the cognitive aging literature as both a means of describing elder samples and as a predictor of task performance.
Spatial ability. We used the WAIS block design test to measure spatial ability for three reasons. First, the test is commonly referenced as measuring spatial ability and is sensitive to age differences (Salthouse, 1992) . Second, it shows moderate correlations with other WAIS subtests thought to measure different aspects of spatial ability (Wechsler, 1955) . Third, reliability is quite high (Wechsler, 1955) .
Verbal working memory. We chose the reading span test of verbal working memory because of the large verbal requirements of Web navigation. Users must scan and read large amounts of text when searching for information and links relevant to their task. The reading span test of working memory consisted of answering questions about simple sentences while also remembering the last word in each sentence (Salthouse, 1994) and was implemented on a computer.
Visuospatial working memory. We administered a visuospatial working memory test because of the high spatial demands of Web navigation (e.g., Kim & Hirtle, 1995; Pak, 2001) . Visuospatial working memory was defined as the ability to remember object identity and spatial location while simultaneously processing new visual information in a variant on the "Concentration" game (Pringle, 2000) . Performance was measured using the time required to complete the task, and the efficiency of search was defined relative to optimal performance. Faster times and higher efficiency corresponded to better performance.
Processing speed. We used a visual search task to measure processing speed because the WWW is largely a visual medium. A triple conjunction (Contrast Polarity × Orientation × Shape) visual search task was performed over one block of 36 randomly presented trials. A target was present on 50% of trials, and display size was set at a constant 19 elements. For more details, see Ho, Siakaluk, and Scialfa (2003) .
Navigation task. The navigation task required participants to find answers to questions such as "What are the current hours of operation for Canada Olympic Park?" All participants were asked to locate the answer to each question, which could be found in a single page of the Web site. There were 2 practice trials and 12 experimental trials. Two trials were created for each topical domain in the Web site. Trials were equally distributed across all three levels of the site, and an equal number of answers were found above and below the "fold" in the page (those below the fold required users to scroll). Four trial orders were randomly created and counterbalanced across participants. Each question was presented on paper, and participants pressed a start button in the browser to begin. After finding the answer to the question and reporting it verbally to the experimenter (who confirmed the accuracy of the response), the participant pressed a stop button to end the trial. Because completion time was a criterion variable, participants were told they could not ask questions once the start button was pressed but could ask questions between tasks. All participants completed the navigation task at a test distance of approximately 50 cm.
Memory for page details. After completing the navigation tasks, participants were given a memory test for page details. They were asked to write down the names of the main topical links that appeared on each page, along with the links associated with each topical page. This was done for only the first two levels of the site. Performance was measured based on the total number of correct links reported, out of a maximum of 35 links.
RESULTS

Performance Measures
Three measures of navigation performance were evaluated and are reported as an average across trials. To make the criteria comparable across participants, performance was expressed based on valid trials only. Valid trials were those without missing data, whereas in invalid trials, data were missed because participants forgot to press the start and stop buttons, hints were given in order to complete the trial successfully, or participants failed to answer. In total, 9.8% of the data were invalid trials, most of which were associated with problems on one of the trials. Eleven participants had to be given a hint to complete the problematic trial, resulting in 27% missing data. Therefore, the trial was excluded and the remaining analyses are based on only 11 of the original 12 trials.
The first performance measure was time per trial. This was the total time (in seconds) required to complete all the questions divided by the number of valid trials. The second performance measure was number of pages per trial. This was calculated as the total number of pages visited (including repeat pages) divided by the number of valid trials. Finally, the number of repeat pages per trial was calculated by taking the total number of repeat pages divided by the number of valid trials. A repeat page was any page visited after the first time it was seen. We chose these performance measures because they have been shown to reflect the effects of disorientation in hypertext navigation (e.g., Lin, 2001; McDonald & Stevenson, 1996 , 1998a , 1998b . Table 2 gives the means, standard deviations, and ranges for the three performance measures.
Data Screening
One participant had an unusual score on WWW experience and another on subject matter knowledge (travel), which were found to be univariate outliers (p < .001). Another outlier was found on the time needed to complete the visuospatial memory task. Rather than remove the outliers from the analysis, we substituted the extreme values with a score that was one standard deviation above the next most extreme score (Tabachnick & Fidell, 2001 ). Multicollinearity was observed between reaction times on target-absent and target-present trials for the processing speed task. To minimize redundancy, only reaction time on target-present trials was included in subsequent analyses.
Correlations Among Variables
The intercorrelations among predictors are shown in Table 3 . As expected from past research, increased age was associated with less WWW experience (GVU, 1998), poorer spatial abilities (Salthouse, 1992) , decreased memory (Craik & Jennings, 1992) , and slower processing speed (Salthouse, 2000) . Older age was also related to the amount of time living in Alberta and general familiarity with the province (i.e., subject matter knowledge). Older adults did not necessarily travel more than younger participants, and this is reflected in the nonsignificant correlation with the travel component of the measure. The moderate correlation between spatial ability and visuospatial working memory pointed to a common spatial factor. Similarly, the correlation between processing speed and the time needed to complete the visuospatial working memory task emphasized the time element of both measures. The relationship between verbal working memory and reading abilities highlighted the language requirements of each task. Finally, all the memory tests were moderately correlated, which suggested a common but not redundant memory component. Table 4 shows the correlations between the predictors and each performance measure. Increased age was associated with longer times per trial but not the number of pages or repeat pages. There were different correlations between the predictors and each performance measure, with time per trial showing the strongest relationship with most of the predictors. Verbal working memory and processing speed showed a significant relationship with all the performance measures. These relationships were explored further in the regression analyses.
Regression Analyses
To examine the role that each factor contributed to age-related effects on performance, we performed a hierarchical multiple regression (Pedhazur, 1997) . The logic behind this analysis was that the contribution of each factor to the age-related variance could be determined by comparing the variance associated with age before and after statistically controlling for each factor or set of factors (Salthouse & Babcock, 1991) . Factors could be considered important mediators of age relations to the extent that there was a substantial reduction in age-related variance on performance. Time per trial. Age, spatial ability (i.e., WAIS block design), processing speed, verbal working memory, visuospatial working memory, Web experience, and domain knowledge were used as predictors in this analysis. Age alone accounted for 47.9% of the variance in time per trial (p < .001). Processing speed, as measured by search slopes on target-present trials, was significantly related to time per trial (R 2 = 44.5%, p < .001) yet after we controlled for processing speed, age continued to account for a significant proportion of variance in time per trial (incremental R 2 = 13.1% p = .001). In the next analysis, processing speed, visual and verbal working memory, and spatial abilities accounted for 66.3% of the variance in time per trial (p < .001), but again, after we controlled for these variables, age continued to explain a significant proportion of unique variance (incremental R 2 = 4.4%, p = .025). Only after subject knowledge and Web experience were entered was the age effect eliminated.
Therefore, age differences in memory and processing speed alone could not account for the age-related variance in performance. Consideration had to be given to age differences in WWW experience, subject matter knowledge, and spatial abilities before age became irrelevant to performance. This finding was only partially consistent with our hypotheses. As predicted, age was significantly related to time per trial, and age differences in WWW experience, subject matter knowledge, spatial abilities, working memory, and processing speed reduced the agerelated variance to nonsignificance. Contrary to our predictions, reading abilities did not account for any variance in time per trial.
Number of pages per trial. General familiarity with the subject matter, verbal working memory, and processing speed showed the strongest zero-order correlations with number of pages per trial. We entered all three variables in a single block to determine the shared and unique contributions on performance. All the predictors together accounted for a significant 36% (p = .001) of the variance in number of pages per trial. Both general familiarity with the subject matter (incremental R 2 = 15%, p = .003) and processing speed (incremental R 2 = 11%, p = .02) accounted for significant incremental variance. This suggests that greater familiarity with the subject matter and faster processing speed both contributed uniquely to fewer pages visited per trial. This finding was only partially consistent with our hypotheses. As expected, general familiarity with the subject matter was a significant predictor. Processing speed and verbal working memory also predicted the number of pages visited, but most importantly, there was no effect of age. Number of repeat pages per trial. General familiarity with the subject matter, verbal working memory, time needed to complete the visuospatial working memory task, and processing speed showed the strongest zero-order correlations with number of repeat pages per trial. We entered all variables in a single block to determine the shared and unique contributions on performance.
All the variables together accounted for a significant 35% of the variance in the number of repeat pages per trial. Only familiarity with the subject matter accounted for significant incremental variance (incremental R 2 = 13%, p = .01), suggesting that being more familiar with the content helped reduce the number of pages that were repeatedly visited. Like the preceding analysis, this finding was only partially consistent with our hypotheses. General familiarity with the subject matter was significant, but both verbal and visuospatial working memory and processing speed were independent of age and were not contributing to the number of repeat pages visited.
DISCUSSION
This study examined the role that age, experience with the WWW, subject matter knowledge, reading abilities, spatial abilities, processing speed, and working memory had on a real-world computer task. Overall, the data revealed that increased age was associated with longer times to locate information in the Web site but did not influence the number of total or repeat pages visited. Most of the age-related variance in time per trial was accounted for by age differences in verbal and visuospatial working memory, processing speed, and spatial abilities. However, only with the addition of subject matter knowledge, WWW experience was the age effect reduced to nonsignificance. Individual differences in subject matter knowledge, verbal and visuospatial working memory, and processing speed were also associated with variability in the page data.
Most of these results are consistent with previous research. Westerman et al. (1995) found that older adults were generally slower in retrieving information from a computer database, but no differences were found in accuracy or navigation efficiency. Czaja and Sharit (1993) found that age significantly predicted time per problem and total errors above and beyond general computer experience and typing speed. Mead et al. (1997) found that older adults showed poorer search efficiency, returned to previously viewed pages more often, and often had problems identifying the current page. These studies are consistent in showing that increased age was associated with poorer performance on most time-based measures, but the influence of age on other measures of performance was mixed.
The data are also consistent with the cognitive aging research. Salthouse (1990 Salthouse ( , 1991 Salthouse ( , 1996 showed that when measures of speed and working memory were used as mediators, age-related variance in performance was substantially reduced on many cognitive tasks. In this study, working memory and processing speed were substantive mediators, but only after controlling for age differences in spatial ability, WWW experience, and subject matter knowledge was the age deficit in time per trial found to be negligible. Few studies have examined spatial abilities as a potential mediator of age and performance. This could be because most cognitive tasks are thought to be spatially undemanding and so age differences in spatial ability should not influence performance. However, hypertext and Web navigation are believed to be spatially challenging (e.g., Kim & Hirtle, 1995; Pak, 2001) in that users must understand the relations between pages and must navigate a site that is not visible to them. Cognitive aging researchers and humancomputer interaction specialists need to be aware of the influence of spatial abilities on computerrelated tasks such as those on the WWW.
Subject matter knowledge and WWW experience were important mediators of age-related variance in time to complete the navigation task. In fact, only after these factors were accounted for was the age effect eliminated. This finding suggests that age differences in Web navigation are partially remediable and that older adults will benefit from training in WWW and Internet use (Czaja & Lee, 2001 ; Kelley & Charness, 1995) . In addition to the direct and positive effects such training would provide, there are probably indirect benefits to training that result because increased expertise allows more efficient problem solving and reduces attentional and working memory demands (Charness & Bosman, 1990) .
Implications for Web Site Design and Usability
The shifting of correlations between each predictor and the performance measures suggested a differential influence of each predictor on performance. Put another way, each predictor contributed to different aspects of the disorientation problem. This complicates matters for designers because a design intended to reduce all disorientation must address all the factors that correlate with the performance measures. It may be more realistic to target specific user groups; to decide if time, page visits, and repeat page visits are important performance considerations; and then to address only the factors that influenced the selected measures. Thus the finding that increased age resulted in longer completion times is relevant only to the extent that older adults represent a viable user group and time is considered an important performance measure. Designers interested in minimizing page visits (or revisits) might be better off focusing on differences in subject matter knowledge rather than addressing declining working memory associated with age.
If older adults are a potential user group, there are several ways working memory demands, processing speed, and spatial abilities can be addressed through design. Navigation aids such as history lists and "breadcrumbs" (see Cockburn & Greenberg, 2000) represent one way working memory demands can be reduced. Designers can minimize spatial, processing, and working memory demands for older adults by reducing Web site complexity and keeping the structure as rigid as possible (Lin, 2001) .
ACKNOWLEDGMENTS
This work was supported by a grant from the Natural Science and Engineering Research Council of Canada. Sincere thanks to David Stewart for creating the Web browser and for assistance with programming and data analysis. Thanks also to Wanda Dennis and Jonathan Thom, who assisted with recruitment. Many of the tests used are not described in detail because they are commonly used tests that have been described thoroughly in the cited references.
